We previously reported that specific abnormalities in several DNA repair and transcription genes in the fetal genome were associated with gestational complications such as preeclampsia[@b1]. Our initial reports, based on novel clinical observations and systematic genetic epidemiologic investigations in families with trichothiodystrophy (TTD), a rare (affected frequency of 1 in 10^6^) recessive disorder of DNA repair and transcription[@b2], identified significantly increased risk of preeclampsia and other gestational complications[@b1][@b3]. Mutations in *XPD* (*ERCC2*), *XPB* (*ERCC3*), and *TTD-A* (*GTF2H5*), genes involved in the nucleotide excision repair (NER) pathway and in transcription[@b4], can cause TTD. These genes code for subunits of transcription factor (TF)IIH, a component of RNA Polymerase-II (Pol-II) transcription machinery[@b5]. In addition to its role in basal and activated transcription, TFIIH also has a role in NER[@b6]. Mutations in *XPD* and *XPB* can cause other rare recessive DNA repair disorders such as xeroderma pigmentosum (XP)[@b2][@b7]. Our subsequent study of XP and TTD suggested a link between TTD- but not XP-associated *XPD* mutations in the fetus and the risk of placental maldevelopment and preeclampsia, possibly through impairment of TFIIH-mediated functions in placenta[@b8]. The exact mechanism by which these mutations affect placental development remains to be elucidated.

Preeclampsia affects up to 7% of all pregnancies, and is a major cause of severe intrauterine growth restriction (IUGR) and preterm birth[@b9]. Preeclampsia has the potential to develop into severe preeclampsia or hemolysis, elevated liver enzymes and low platelets (HELLP) syndrome, potentially fatal conditions for both mother and infant[@b10]. Nearly all candidate-gene and genome-wide association studies (GWAS) of preeclampsia to date have focused on markers on the maternal genome. While these studies have identified several potential genetic markers[@b11][@b12][@b13][@b14][@b15][@b16][@b17], major etiologic factor(s) and biologic mechanism(s) leading to preeclampsia and most other gestational complications remain elusive. There have been no integrative transcriptome analyses, including meta-analysis, of preeclampsia reported in the literature. Meta-transcriptome analysis of case-control datasets provides a benefit over individual analysis of each dataset by allowing efficient elimination of false-positive findings pertaining to experimental and design conditions such as those related to platforms and probes. Furthermore, integrative approaches to analysis of microarray data from several data sources relevant to a disease condition are believed to enable extraction of deeper biological insights compared to that achieved through single-dimensional analysis[@b18].

The current study was conducted to decipher the biologic mechanisms which underlie the association between preeclampsia, fetal genotype, and impairment of TFIIH-mediated functions in placenta. We designed an integrative analysis of several relevant data sources containing gene expression arrays of fetal-derived tissues. First, we conducted meta-analysis of gene expression patterns in placenta from case-control studies of preeclampsia. A preeclampsia-specific gene list obtained from this meta-analysis was then interrogated in several relevant data sources, which included expression arrays of normal and time-course placentas (i.e., placenta from first, second and third trimester pregnancies), and *XPD*^TTD^ fibroblasts (i.e., cells predisposed to preeclampsia). These data sources were specifically chosen in order to filter the differentially-expressed genes and pathways to select those which preceded the development of the clinical symptoms of preeclampsia, as depicted on the Study Design Flow Chart ([Figure S1](#s1){ref-type="supplementary-material"}).

Results
=======

Meta-analysis of placental gene expression patterns in preeclampsia case-control studies
----------------------------------------------------------------------------------------

Meta-analysis of datasets GSE10588[@b19], GSE14722[@b20], GSE4707[@b21], and GSE24129[@b22], containing gene expression profiles from fetal cell-derived histological subsections of placenta in case-control studies of preeclampsia, revealed 419 differentially-regulated genes (136 downregulated and 283 upregulated) coincident among the four datasets at false discovery rate (FDR) \< 0.05 ([Figure 1a](#f1){ref-type="fig"}**and**[Table S1](#s1){ref-type="supplementary-material"}).

Among genes significantly upregulated in preeclamptic placentas were those coding for growth factors (such as *INHBA* and *TGFB1*), growth factor receptors (including *EGFR, FLT1* and *ENG*), and transcription regulators of EGF-dependent pathways (including *ATF3*) ([Figure 1b](#f1){ref-type="fig"}). Among the genes significantly downregulated in preeclamptic placentas were those coding for extracellular matrix proteins (such as *FBN2*) ([Figure 1b](#f1){ref-type="fig"}) and proteins involved in lipid metabolism ([Table S1](#s1){ref-type="supplementary-material"}). Interestingly, *CDK7*, which codes for a component of the cdk-activating kinase (CAK) domain of TFIIH, was among significantly downregulated genes in preeclampsia meta-analysis ([Figure 1b](#f1){ref-type="fig"}**and**[Table S1](#s1){ref-type="supplementary-material"}).

Pathway analysis is considered a valuable tool in estimating functions of genes in different systems[@b23]. A preeclampsia-specific gene list was used to delineate affected pathways. Canonical pathway analysis revealed several significantly dysregulated pathways in preeclampsia meta-analysis including PTEN, growth hormone, EGF, RAR, VDR/RXR, NRF2-mediated, and HIF1A signaling pathways (**Data not shown**). Interconnectivity pathway analysis conducted to identify super clusters of affected pathways revealed dominance of growth factor signaling, hypoxia and oxidative stress response, and carbohydrate metabolism ([Figure 1c](#f1){ref-type="fig"}). Similar interconnectivity analysis applied to Gene Ontology (GO) pathway analysis also revealed clusters of overlapping affected pathways as those regulating hypoxia response, tyrosine kinase signaling, immune response, and carbohydrate metabolism, ([Figure 1d](#f1){ref-type="fig"}).

We used the Transcription Factor (TRANSFAC) database followed by network construction of matrices and genes in order to identify transcription factors of the differentially-regulated genes in preeclampsia. The largest group of transcription factor matrices in the preeclampsia-specific gene network was related to oxidative stress response and hypoxia (ARNT, HIF1A and USF) ([Figure 1e and 1f](#f1){ref-type="fig"}). Another large group of predicted transcription factors contained common elements of cAMP response element-binding (CREB) and activating transcription factor (ATF) ([Figure 1e and 1f](#f1){ref-type="fig"}), which is probably indicative of involvement of ATF/CREB transcription complex.

Analysis of gene expression patterns in normal and time-course placenta
-----------------------------------------------------------------------

To confirm the relevance of preeclampsia-specific genes identified through the meta-analysis described above, we compared human (GSE 95)[@b24] and mouse (GSE 97)[@b24] datasets containing gene expression patterns of normal tissue with respect to the ratios of expression of preeclampsia-specific genes in placenta versus all other tissues. The rationale for this comparison was that wild-type mice bred for research do not develop preeclampsia spontaneously (i.e., without chemical or surgical manipulation). We found that among 283 genes upregulated in preeclampsia meta-analysis, approximately 50 genes were more than 3-fold higher upregulated in human placentas compared to mouse placentas. We postulated that the genes most relevant to preeclampsia were among these 50 genes, which included *EGFR*, *MAN1C1*, *ADAM12*, *ATF3*, *INHBA*, *FBN2* and *GABRE* among others ([Figure 2](#f2){ref-type="fig"}).

Preeclampsia is identified clinically as hypertension that first occurs after 20 weeks gestation[@b9]; therefore, we speculated that genes differentially-regulated during mid- to term-gestation would be important predictors of molecular pathways impaired in preeclampsia. We conducted time-course analysis of gene expression patterns in normal placenta from first to third trimester in GDS2528[@b25]. This analysis identified 710 placental genes differentially-expressed during mid- to term-gestation (i.e., 24--40 weeks) compared to first trimester; 303 genes were upregulated and 407 were downregulated (**Data not shown**). The gene lists obtained from analysis of normal and time-course placentas were used in the integrative analysis described later in this section.

Analysis of gene expression patterns in hypoxic trophoblasts
------------------------------------------------------------

Hypoxia (along with oxidative stress response) was among the dominant affected pathways in the preeclampsia meta-analysis ([Figures 1c and 1d](#f1){ref-type="fig"}) with HIF1A signaling being the most significant regulator of differentially-expressed genes in this pathway ([Figures 1e and 1f](#f1){ref-type="fig"}). In order to test whether hypoxia was the main regulator of a significant number of genes in the preeclampsia gene list, we interrogated preeclampsia-specific genes in hypoxic human trophoblasts (Swan 71 human trophoblast cells under chemical hypoxia by CoCl2-treatment) in an *in vitro* system (GSE31679)[@b26]. We found that among 283 genes upregulated in preeclampsia meta-analysis, 65 were also upregulated in hypoxic trophoblasts ([Figure 3a](#f3){ref-type="fig"}) (total number of upregulated genes in hypoxic trophoblasts was 480). The Gene Set Enrichment Analysis (GSEA) of hypoxic trophoblasts identified significant similarity (enrichment score of 0.51, q \< 0.1) between genes upregulated in preeclampsia and those upregulated in hypoxia, confirming hypoxia as a major regulator of preeclampsia gene signature ([Figure 3b](#f3){ref-type="fig"}). Since GSEA of hypoxic trophoblasts using the list of genes downregulated in preeclampsia was not significant, we focused on upregulated genes for pathway ([Figure 3c](#f3){ref-type="fig"}) and transcription factor analysis ([Figure 3d](#f3){ref-type="fig"}). Among upregulated genes coincident in preeclampsia and in hypoxic trophoblasts were *EGFR*, *PI3K* and *ADRB2*. GO analysis of all coincident upregulated genes showed dominance of pathways related to hypoxia and carbohydrate metabolism ([Figure 3c](#f3){ref-type="fig"}). Transcription factor analysis showed dominance of HIF1A, HIF2A, and ARNT in regulating the gene signature of hypoxic trophoblasts ([Figure 3d](#f3){ref-type="fig"}).

We found no evidence of upregulation of FLT1 or ENG in hypoxic trophoblasts, in contrast to the belief that hypoxia has a direct role in FLT1 and ENG induction. To confirm these findings, we also analyzed transcriptome profiling of umbilical vein endothelial cells during hypoxia and after reoxygenation (GSE 1041)[@b27]; our analysis showed that FLT1 level was reduced during hypoxia and restored after reoxygenation, suggesting that hypoxia alone was not sufficient to drive expression of FLT1 (**Data not shown**).

Analysis of gene expression patterns in *XPD*^TTD^ fibroblasts
--------------------------------------------------------------

Global gene expression profiling of *XPD*^TTD^ fibroblasts (i.e., fibroblasts from TTD patients with mutations in *XPD*) versus *XPD*^TTD^ fibroblasts transfected with the wild type *XPD* in a dataset obtained through personal communications[@b28] identified 660 genes differentially-regulated in *XPD*^TTD^ fibroblasts. The majority of the 314 upregulated and 346 downregulated genes were involved in cell cycle and growth (**data not shown**). Similar to the previous analysis of hypoxic trophoblasts, we performed GSEA using genes upregulated and downregulated in preeclampsia to detect similarities between gene signatures of *XPD*^TTD^ mutant cells and those of preeclampsia. We found that genes downregulated in *XPD*^TTD^ mutant cells had significant similarity (q \< 0.1) with those downregulated in preeclampsia ([Figures 4a and 4b](#f4){ref-type="fig"}), suggesting potential similarities between downstream pathways affected by *XPD* mutations and pathways affected in preeclampsia.

Among the most significant GO pathways were those associated with placental development and development of female characteristics (examples included *FSTL3*, *INHBA* and *ADAMTS1* which were downregulated) as well as response to hypoxia ([Figure 4c](#f4){ref-type="fig"}); these were also among pathways found dysregulated in preeclampsia meta-analysis. Other dowregulated pathways included extracellular matrix and bone and blood vessel development ([Figure 4c](#f4){ref-type="fig"}), which were identified due to the overrepresentation of genes playing roles in extracellular matrix formation, which is consistent with our understanding of TTD as a condition of chronic transcription deficiency. Transcription factor analysis of downregulated genes in *XPD*^TTD^ showed dominance of AHR and ARNT as well as EGR transcription factor group ([Figure 4d](#f4){ref-type="fig"}).

Integrative analysis of all data sources to delineate mechanisms in preeclampsia
--------------------------------------------------------------------------------

Comparison of the gene lists from the meta-analysis of preeclampsia case-control studies and three of the individual analyses described above (normal human placental gene signature obtained by comparing placenta versus other tissues, placental genes differentially-expressed during mid- to term-gestation compared to first-trimester, and genes differentially-expressed in *XPD*^TTD^ fibroblasts versus *XPD*^TTD^ fibroblasts transfected with wild-type *XPD*) identified nine differentially-regulated genes (*EGFR*, *INHBA*, *ADAM12*, *ATF3*, *FBN2, INSG1, SLC2A1, MAN1C1, GABRE*) coincident among all datasets ([Figures 5a & 5b](#f5){ref-type="fig"}). The probability of finding nine common differentially-expressed genes at random among the four datasets was estimated as \<10^−4^. *EGFR, ATF3, ADAM12, MAN1C1, SLC2A1, INHBA and INSIG1* were upregulated while *GABRE* and *FBN2* were downregulated in preeclamptic placentas in our meta-analysis ([Table S1](#s1){ref-type="supplementary-material"}). The four most significant differentially-regulated genes among all analyzed datasets were *EGFR*, *INHBA*, *ADAM12* (all belonging to the EGF pathway) and *ATF3*. *EGFR* ([Figure 3a](#f3){ref-type="fig"}) and *ATF3* (**Data not shown**) were also upregulated in hypoxic trophoblasts. *EGFR* was downregulated in *XPD*^TTD^ fibroblasts suggesting signaling deficiency associated with this factor in cells with *XPD*-associated TTD mutations.

We used pathways present in all four datasets to conduct integrative GO and canonical pathway analyses ([Figures 5c--5f](#f5){ref-type="fig"}). Integrative canonical pathway analysis identified EGF-signaling as a key pathway involving the majority of differentially-regulated genes across all datasets based on number of network interactions ([Figure 5e](#f5){ref-type="fig"}). In addition, this analysis revealed dysregulation of PTEN and FAK pathways and upregulation of VDR/RXR, N-glycan degradation and coagulation pathways ([Figure 5e](#f5){ref-type="fig"}). Integrative GO analysis also implicated pathways related to placental development and embryo implantation, transmembrane tyrosine kinase signaling (EGFR, FLT1, FLT4), inflammatory response, and response to hypoxia among the most significant dysregulated pathways ([Figure 5f](#f5){ref-type="fig"}). EGFR-dependent pathways were identified as the most significant and interconnected pathways in both canonical and GO network analyses.

A search of the Human Protein Atlas[@b29] confirmed the presence and localization of some of the significant differentially-regulated gene products identified in our integrative analysis described above (such as EGFR, ATF3, MAN1C1, ADAM12, FBN2, FLT1 and ENG) in either trophoblast or extracellular matrix of human placenta, both of which are mostly of fetal cell origin ([Figure S2](#s1){ref-type="supplementary-material"}), further confirming the relevance of these gene products to preeclampsia processes.

Among genes coincident among analyzed datasets ([Figure 5b](#f5){ref-type="fig"}), *ATF3* was of particular interest since it was found upregulated in all analyzed datasets in our study including preeclamptic placentas and *XPD*^TTD^ cells. In addition, transcription factor analysis of preeclampsia-specific genes identified CREB/ATF factors among dominant transcription regulators of preeclampsia ([Figures 1e and 1f](#f1){ref-type="fig"}). These factors were expressed at a higher level in human versus mouse placenta and histologic analysis revealed presence of ATF3 in nuclei of normal placental trophoblasts ([Figure S2](#s1){ref-type="supplementary-material"}). *ATF3* had never been reported in relation to preeclampsia prior to our current study.

To determine the key role of ATF3 in the mechanism leading to preeclampsia, we analyzed an RNA-sequence dataset containing data on the comparison of untreated versus shATF3-treated K562 cells (i.e., cells with siRNA inhibition of *ATF3*) (GSE 33816)[@b30]. We compared genes identified through this analysis with preeclampsia-specific genes and found 16 genes in common including *FLT1*, *ENG* and *INHBA* ([Figures S3a and S3b](#s1){ref-type="supplementary-material"}). *FLT1* and *ENG* (known mediators of clinical symptoms of preeclampsia) as well as *INHBA* (a known regulator of EGFR signaling) had all been found significantly upregulated in preeclamptic placentas in our meta-analysis. Interestingly, our analysis of shATF3-treated K652 cells found that inhibition of *ATF3* results in inhibition of *FLT1* and *ENG* as well as in inhibition of *INHBA* ([Figure S3b](#s1){ref-type="supplementary-material"}). This finding suggests that ATF3 upregulation is an upstream event to the induction of *FLT1*, *ENG* and *INHBA*.

Consistent with the above findings, analysis of a chip-seq dataset (GSM881126[@b31]) revealed that in mouse dendritic cells (which are known to express *Flt1*), ATF3 binds to the promoter region of *Flt1* ([Figure S3c](#s1){ref-type="supplementary-material"}).

Discussion
==========

Based on our novel clinical observations and subsequent genetic epidemiologic studies of gestational complications associated with TTD[@b1][@b3][@b8], we hypothesized that specific mutations in NER and transcription genes such as *XPD* lead to preeclampsia, possibly through their influence on TFIIH-mediated functions in placenta. Our previous molecular analysis localized the preeclampsia-associated mutations to a c-terminal motif and the helicase surfaces of XPD, most likely affecting XPD\'s binding to cdk-activating kinase (CAK) and p44 subunits of TFIIH[@b8]. Our findings have consistently highlighted the relevance of the fetal genotype to the mechanism leading to preeclampsia[@b1][@b8]. In order to decipher the underlying biologic mechanisms of the proposed associations, we conducted an integrative analysis of gene expression patterns of fetal-derived tissue from several data sources relevant to preeclampsia.

The results of our current integrative analysis are consistent with our previous findings and provide a basis for our prior observed associations between TFIIH impairment and risk of preeclampsia. Our overall analysis implicates lack of EGFR signaling, possibly caused by TFIIH impairment or by other mechanisms, in the presence of hypoxia and oxidative stress resulting in upregulation of ATF3 as one mechanism leading to preeclampsia.

All data sources were carefully selected and all analyses were specifically designed to identify alterations in genes and pathways which preceded the development of clinical symptoms of preeclampsia. For our meta-analysis, we compared gene expression patterns of fetal-derived placental tissues from four case-control studies of preeclampsia. We carefully selected several other relevant data sources (normal human tissue including placenta, time course placentas, hypoxic trophoblasts and *XPD*^TTD^ fibroblasts) for interrogation of a preeclampsia-specific gene list obtained from the meta-analysis. Three of these gene expression datasets (normal human placenta, time course placenta, and *XPD*^TTD^ fibroblasts), most relevant to events preceding development of clinical symptoms of preeclampsia, were used for integrative analysis. The rationale for comparison of placenta versus other normal tissue in human was that preeclampsia has been linked to abnormal placental development in various studies including previous genetic and molecular epidemiologic investigations conducted by us[@b1][@b3][@b8]. Furthermore, since preeclampsia occurs in humans but not in wild-type mice, we interrogated preeclampsia-specific gene list in both human and mouse placenta in order to identify placental genes differentially-expressed between the two species as those would be the most relevant to the development of preeclampsia. The rationale for analysis of time-course placentas was that preeclampsia normally occurs during the second and third trimesters of pregnancy (\~24--40 weeks gestation); therefore, genes differentially-expressed during this mid- to term-gestation period compared to the first trimester would be the most relevant to preeclampsia development. The rationale for the use of a dataset containing gene expression patterns of *XPD*^TTD^ fibroblasts was that these were the only tissues available from TTD patients who are predisposed to preeclampsia and that experimental studies have provided evidence for preservation of disease gene signatures in various tissues used for transcriptome analysis[@b32].

Thus, our integrative analysis used a reductionist approach to systems biology by using specific and relevant knowledge of conditions related to preeclampsia to select high throughput gene expression databases to be used as a filter to identify dysregulated genes and pathways which preceded the development of preeclampsia ([Figure S1](#s1){ref-type="supplementary-material"}). Even though the mechanisms which underlie preeclampsia development probably originate during placentation and the initial stages of the clinical symptoms of preeclampsia could start as early as the first trimester, our integrative analysis filtered the dysregulated pathways through datasets of conditions which predispose to preeclampsia, such as gene expression of *XPD*^TTD^ fibroblasts, thus focusing on preceding mechanisms. The underlying assumption of our integrative study design is that these preceding dysregulated pathways persist until after the development and diagnosis of the major clinical symptoms of preeclampsia (which normally occur after 20 weeks gestation).

Our meta-analysis of placental gene expression patterns in case-control studies of preeclampsia showed significant dysregulation of growth factor receptor signaling, the most prominent being EGFR-related pathways. Dysregulation of EGFR signaling pathway was also noted in *XPD*^TTD^ cells. Our integrative analysis revealed signatures of hypoxia and oxidative stress as regulators of differentially-expressed genes in preeclampsia and implicated EGFR and ATF3 as the main regulators of preeclampsia development. ATF3 had never been reported in relation to preeclampsia prior to our current study.

Our preeclampsia meta-analysis suggested that a large number of preeclampsia-specific genes were directly induced by hypoxia. Placental hypoxia[@b33] and oxidative stress[@b34] have been implicated in the etiology of preeclampsia in previous studies, although, the exact pathophysiologic mechanisms remain elusive. One speculation is that oxidative stress provokes the release of soluble FLT1 and ENG mediating development of several symptoms of preeclampsia, including high blood pressure and proteinuria[@b34]. To identify genes affected by hypoxic conditions, we analyzed gene expression patterns of hypoxic trophoblasts and found that a large proportion of preeclampsia-specific upregulated (but not downregulated) genes were regulated by hypoxia. *FLT1* and *ENG*, however, were not among the genes induced in response to hypoxia. Our analysis of an RNA-seq dataset of ATF3-deficient K562 cells showed that both FLT1 and ENG were significantly downregulated in the absence of ATF3, implicating ATF3 upregulation as an upstream event to induction of these molecules. *ATF3* was found significantly upregulated in both preeclamptic palcentas and in *XPD*^TTD^ fibroblasts in our study. *EGFR* and *ATF3* were also expressed at much higher levels in human than in mouse placenta. Furthermore, *ATF3* has been implicated in diabetes mellitus and renal disease, two known conditions associated with increased risk of preeclampsia[@b35].

Our findings also suggest a functional link between EGFR and ATF3. Previous studies suggested an association between EGFR signaling and ATF3 through oxidative stress as a trigger[@b36]. ATF3 is known to be part of stress-response genes[@b37] including oxidative stress and hypoxia[@b38]. Deficiency in EGFR signaling exacerbates the negative effects of hypoxia and oxidative stress, since EGFR signaling protects from oxidative stress- and hypoxia-induced apoptosis[@b39][@b40][@b41]. Deficient EGFR signaling is believed to affect not only cell growth, but also cell migration via FAK signaling; consistent with this, cell migration was found among dysregulated pathways in preeclampsia in our analyses.

EGFR and EGFR-mediated FAK signaling are key regulators of invasion and metastasis in cancer cells. The EGFR signaling pathway is one of the most dysregulated molecular pathways in human cancers. Although the exact mechanism remains to be elucidated, evidence suggests that activated EGFR, acting as a receptor tyrosine kinase, recruits a number of downstream signaling molecules leading to cellular proliferation and promotion of major tumor growth and survival pathways[@b36]. ATF3 overexpression has also been shown to play an oncogenic role *in vitro* and *in vivo* by protecting against apoptosis[@b42]. Thus, our results implicate dysregulation of these cancer promoting pathways in placenta, in the presence of hypoxia and oxidative stress, in preeclampsia development. A recent bioinformatics study reporting similarities between cancer protein-protein interaction networks and dysregulated networks in preeclampsia[@b43] concurs with our findings.

It has been a long-standing observation that placental development histologically and even macroscopically resembles that of a tumor. Survival and growth of the fetus requires normal development of placenta which in humans involves invasion of the maternal decidua by cytotrophoblasts. Placental research in recent years has underlined the striking similarities among the proliferative and invasive properties of trophoblasts and those of cancer cells, which are known to override mechanisms controlling cellular proliferation, invasion and death[@b44]. Consistent with the above, *EGFR* and *ATF3* were found expressed in placental trophoblasts in immunohistochemical analyses of normal placenta in our study. Furthermore, EGFR-deficient mice die prenatally from severe blood vessel defects of placental tissue during the second half of the fetal development[@b45] and *in vitro* ATF3 is critical for reactive oxygen species (ROS)-induced vascular tubule formation[@b35], supporting the potential role of these proteins in placental development.

Another contribution of our meta-analysis of placental gene expression patterns in preeclampsia case-control studies was the identification of 419 preeclampsia-specific genes, which could be the focus of future etiologic studies. A number of the identified genes in our study were not previously reported; these genes included *EBI3* (*IL27*) anti-inflammatory cytokine which was found to be upregulated in preeclampsia.

While the gene signature of hypoxic cells was similar to genes upregulated in preeclamptic placentas, the gene signature of *XPD*^TTD^-mutant cells was similar to genes downregulated in preeclampsia, perhaps indicating transcription deficiency in preeclamptic placentas. Interestingly, our preeclampsia meta-analysis also revealed significant downregulation of CDK7, a component of the cdk-activating kinase (CAK) domain of TFIIH, in preeclamptic placentas. CAK complex is required for phosphorylation of RNA Pol-II[@b5]. These findings shed light on the association between TTD, TFIIH- and RNA Pol-II-mediated basal transcription and preeclampsia.

RNA Pol-II consists of twelve protein subunits and is found in a complex called the Pol-II holoenzyme, which also includes most of the basal transcription factors (TFIID, TFIIB, TFIIF, TFIIE, TFIIH)[@b5]. TFIIH and TFIIE are believed to be part of a set of minimal transcription factors which are necessary for accurate transcription; these molecules are believed to mediate the unwinding of DNA and the early steps in the transcription process[@b46]. Therefore, downregulation of components of TFIIH and/or mutations in genes coding for components of TFIIH (as is the case in TTD) leading to dysregulation of RNA Pol-II mediated functions in placenta may be one mechanism leading to preeclampsia. Similarly, mutations in genes coding for components of TFIIH (as is the case in TTD) may also lead to TFIIH impairment and consequently to dysregulation of RNA Pol-II-mediated functions in placenta leading to preeclampsia. Consistent with our findings, levels of basal transcription in placenta have been reported as major modulators of expression of EGFR[@b47] and ATF3[@b35]; ATF3 is also believed to be responsible for abnormal vascular remodeling in diabetic patients via regulation of p8 (a component of TFIIH complex)[@b35]. The above findings point to a potential underlying mechanism for preeclampsia involving impairment of TFIIH and RNA Pol-II mediated functions in placenta, possibly leading to altered expression of EGFR and ATF3.

Thus, drawing from our overall analyses, we propose that hypoxia and oxidative stress combined with lack of EGFR signaling (which in some cases such as TTD can occur due to TFIIH impairment and transcription defect) result in upregulation of ATF3, which induces FLT1 and ENG causing the clinical manifestations of preeclampsia. Our results suggest a link between EGFR signaling deficiency and impaired TFIIH and RNA Pol-II activities. Since EGFR- and ATF3-dependent pathways have been implicated in tumor growth and metastasis, we propose dysregulation of these canonical cancer molecular pathways in placenta leading to preeclampsia. Our findings indicate a potential pathway by which genetic abnormalities in the fetus could initiate the changes that produce the clinical abnormalities seen in preeclampsia. Thus, our findings provide clues into the underlying etiology of preeclampsia which could eventually translate into a therapeutic approach.

Methods
=======

Meta-analysis of placental gene expression patterns in preeclampsia case-control studies
----------------------------------------------------------------------------------------

Microarray datasets from case-control studies of preeclampsia containing global gene expression patterns of normal versus preeclamptic placentas downloaded from GEO^101^ and ArrayExpress[@b48], were used to conduct a meta-analysis. The objective was to compare global gene expression profiles in placentas from normotensive pregnancies (controls) to placentas from preeclamptic pregnancies (cases) across all comparable studies. Per inclusion criteria, only datasets from studies investigating patterns of gene expression on tissue biopsies from fetal cell-derived histological subsections of the placenta (including placental and chorionic villi) were downloaded. Although the biopsied placental tissues may contain a mixture of fetal and maternal cells, we tried to restrict our inclusion criteria to those involving biopsied tissues believed to be predominantly of fetal-cell origin. Other inclusion criteria involved presence of more than five microarrays per group and more than two standard deviations (SD) difference between the groups in Principal Component Analysis (PCA) using first two axes of the PCA. Based on these criteria, we selected four publicly available microarray datasets for our meta-analysis (GSE4707[@b21], GSE10588[@b19], GSE14722[@b20], and GSE 24129[@b22]). All four datasets ascertained cases of severe preeclampsia as defined by the American College of Obstetricians and Gynecologists[@b49]. All four datasets only included cases of early-onset (diagnosis \< 34 weeks gestation) preeclampsia and all four studies matched cases and controls based on gestational age[@b19][@b20][@b21][@b22].

Meta-analysis was conducted by calculating the P-values for each gene in each experiment using student\'s t-test. P-values and fold differences were averaged; if multiples were present, datasets were merged using Gene symbols. We calculated combined p-values using Fisher\'s combined probability test as follows:

p~i~: P-value of the test *i* ; χ^2^: Chi-square distribution; k: Number of tests; df: degree of freedom; P: P-value. P-values were adjusted using q-value calculation (q \< 0.05 was considered significant).

In order to reduce the number of false positive results, we removed all genes with q \> 0.1. Furthermore, any gene that was statistically significant (P \< 0.05), but had discordant fold change in at least one dataset compared to the other ones, was labeled as non-significant and removed from the analysis. Correction for multiple testing was done using Benjamini and Hochberg False Discovery Rate (FDR)[@b50]. Cutoff of q \< 0.05 was used for statistically significant result in this analysis of the above datasets.

Individual analysis of other gene expression datasets relevant to preeclampsia
------------------------------------------------------------------------------

Other microarrays used in the study were downloaded from Gene Expression Omnibus (GEO)[@b10]. GSE95 and GSE97 (GDS596[@b24]) contained gene expression profiles of normal human and mouse tissues. Individual analyses of datasets GSE95[@b24] and GSE97[@b24] were done through comparison of expression in placenta versus other normal tissue as well as comparison of expression ratios in human versus mouse tissues. A dataset of hypoxic human trophoblasts (Swan 71 human trophoblast cells under chemical hypoxia by CoCl~2~-treatment in an *in vitro* system) (GSE31679)[@b26] was downloaded from GEO[@b24]. ANOVA models (Method of Moments[@b51]) and Partek software version 6.6 (Partek Inc., St. Louis, MO, USA) was used for analysis of the above datasets.

A microarray dataset containing gene expression profiles of normal fibroblasts as well as XP- and TTD-affected fibroblasts with mutations in the *XPD* gene was obtained through personal communications[@b28]. This dataset contained the following HG-U133 Plus Affymetrix genechips samples: 3 TTD, 3 XP and 3 control fibroblasts untreated or treated with ultraviolet (UV) radiation and collected 4 hours post radiation. In our analyses, UV-treated samples were used to reduce technical variability within the samples. Data were RMA-normalized with adjustments for GC content and probe sequence and were Log~2~-transformed. Probe intensities of \<200 units in less than 10% of samples were excluded from the analysis.

In order to extract gene signatures of *XPD*-associated TTD, a four-way ANOVA model using the Method of Moments was applied to the dataset[@b51]; intra-patient variability was taken into account in these analyses. For the *XPD*^TTD^ dataset, patients were treated as random variables and included in the ANOVA model. Variables with probe intensity \< 100 in more than 75% of samples were excluded from the analyses. An *XPD*^TTD^ dataset containing fibroblast cell lines treated with either a control plasmid or a plasmid containing the normal *XPD* gene was analyzed as follows: Affymetrix microarrays for the plasmid transfected dataset were not summarized for the analysis and all 250,000 probes were uploaded separately. The probes for each gene were treated as technical replicates and subjected to paired t-tests (each probe as a pair) and q-values were calculated. Z-score analysis gave similar results to paired t-test (Data not shown).

Integrative analysis involving selected preeclampsia-related datasets
---------------------------------------------------------------------

In order to filter the dysregulated genes and pathways in preeclampsia (i.e., genes and pathways involved in both cause and effect) to those genes and pathways which were coincident among all analyzed datasets and therefore more likely to be involved in the etiology, common genes between all preeclampsia-related datasets were identified using a Venn diagram. Common genes and pathways were displayed using Cytoscape 2.8.2 software where edges were labeled in accordance with the gene expression levels.

### Pathway analysis

Pathway analysis of different genelists was conducted by using Gene Ontology (GO) analysis using Biobase manually curated datasets (<http://www.biobase-international.com/>) and Canonical pathway analysis was done using Ingenuity Pathway Analysis, version 8.7^103^. Significant pathways (q \< 0.05) and corresponding genes were exported as networks (based on term-gene relations) into the Cytoscape 2.8.2, where ClusterOne Cytoscape plugin[@b52], was used to identify most interconnected genes and pathways. The most common biological function of the group was then used to label the identified cluster. Network was displayed using Edge-Weighted Spring Embedded layout.

For combined pathway analysis, GO and Canonical pathways were estimated for each of the genelists and combined Fisher\'s probability test was used to identify relevant pathways for all datasets (q \< 0.05). Pathways and their genes were used to construct networks in Cytoscape software, as described earlier.

### Transcription factor analyses

Promoter analysis was conducted by using TRANSFAC dataset using BIOBASE (ExPlain 3.0) software (Biological Databases GmbH, Wolfenbuttel, Germany). Promoters were identified in the regions starting from 1.0 kb upstream of the transcription start site (TSS) and ending 500 bp downstream of the genes obtained in Preeclampsia meta-analysis.

Significant matrices (q \< 0.05) and corresponding genes were exported as network (based on term-gene relations) into the Cytoscape 2.8.2, where ClusterOne Cytoscape plugin[@b52] was used to identify most interconnected matrices and pathways. Matrices with the largest number of common targets tend to cluster together and form densely-connected sub-networks containing molecules related to the same transcription factor family. Most common matrices of the group were then used to label the identified cluster. As a control in our analyses, we found clustering of transcription factor common structures, such as STAT1-STAT5 clusrter, as well as those with common functions or targets, such as MYC/MAX- HIF1A-ARNT-USF cluster ([Figure 1e](#f1){ref-type="fig"}). Alternatively, transcription factors predicted to regulate same genes were identified using correlogram, calculated based on similarity of the shared genes by the transcription factor matrices ([Figure 1f](#f1){ref-type="fig"}). Overall, we observed good agreement between the two approaches.

Verification of protein expression and localization within the cell
-------------------------------------------------------------------

The protein expression database[@b29] ([www.proteinatlas.org](http://www.proteinatlas.org)) was used to verify expression patterns of proteins of interest in placenta.

Analysis of RNA-sequencing data of K562 cells treated with ShRNA inhibitors
---------------------------------------------------------------------------

RNA-seq data from GSE33816 was analyzed using Partek 6.6 RNA-Seq workflow. In brief, bam files were imported into the Partek and analyzed on gene level via ANOVA method using read number and condition (treatment) variables.

Visualization of chip-seq dataset
---------------------------------

BigWig file (GSM881126[@b31]) was imported into the UCSC Genome browser and Flt1 promoter region was visualized using the Genome Browser tool.
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![Identification of preeclampsia-associated genes.\
Panel (a). Meta-analysis of four datasets (GSE10588[@b19], GSE14722[@b20], GSE4707[@b21], and GSE 24129[@b22]) using Fisher\'s combined probability test. Genes found significant in at least two of four datasets and having the same direction of the fold change were considered for further analysis. Panel (b). Selected representative genes found significant in the meta-analysis grouped based on the type of encoded protein. Upregulated and downregulated genes are marked by red and blue color, respectively. Panel (c). Canonical pathway analysis through the use of IPA (Ingenuity® Systems, [www.ingenuity.com](http://www.ingenuity.com)) depicting reconstructed pathways containing majority of differentially-regulated genes in preeclampsia. Edge-weighted layout of the network was used to visualize super-clusters of the pathways and genes and ClusterOne Cytoscape plugin[@b52] was used to identify pathways with the highest number of common genes. Those pathways are inside circles outlined by black lines and are named based on the most common types of pathways within the group. Size of the node is inversely proportional to the p-values. Panel (d). Gene Ontology analysis using Biobase International (<http://www.biobaseinternational.com>) datasets and network construction conducted similar to Panel (c) above. Panel (e). Transcription factor analysis of genes upregulated in preeclmapsia using Biobase software (TRANSFAC database) (<http://www.biobaseinternational.com>). Genes and their transcription factors were used to construct a network as in Panel (c). Panel (f). Correlogram of transcription factor matrices sharing common genes. Clusters were selected according to the dendrogram. Transcription factors representing groups of transcription factor matrices are shown below blue boxes.](srep02407-f1){#f1}

![Expression of preeclampsia-specific genes in human and mouse placenta versus mean expression in other organs.\
Degree of gene overexpression in placenta compared to other normal tissue in human (GSE95[@b24]) and mouse (GSE97[@b24]) datasets. Figure also depicts comparison of the ratio of expression of each selected gene in placenta versus all other normal tissue between human (GSE95[@b24]) and mouse (GSE97[@b24]) datasets. Genes used in this comparison were selected from among those identified through meta-analysis of preeclampsia case-control studies ([Figure 1](#f1){ref-type="fig"}, Panel (a)). Y-axis represents the ratio of expression of each gene. Red bars indicate human and blue bars mouse genes.](srep02407-f2){#f2}

![Transcriptome analysis of hypoxic trophoblasts.\
Panel (a). Heatmap constructed using 283 genes upregulated in preeclampsia meta-analysis demonstrating the 65 genes significantly upregulated in hypoxic trophoblasts. Panel (b). GSEA of hypoxic trophoblasts with respect to genes upregulated in preeclampsia. The analysis demonstrates significant correlation (p \< 0.001, Enrichment Score = 0.50) between the majority of upregulated genes in preeclampsia and in hypoxic trophoblasts. Panel (c). GO analysis of the gene signature of hypoxic trophoblasts using network visualization and analysis tools (as described in the Methods). Size of the nodes is inversely proportional to the p-values. Groups identified using clustering algorithm are shown in circles, most common GO terms are listed next to the circles. Panel (d). Transcription factor analysis of the genes upregulated in hypoxic trophoblasts using network visualization and analysis tool. Groups identified using clustering algorithm are shown in circles, most common transcription factors are listed next to the circles. Size of the nodes is inversely proportional to the p-value.](srep02407-f3){#f3}

![Transcriptome analysis of *XPD*^TTD^ fibroblasts.\
Panel (a). Heatmap constructed using 136 genes downregulated in preeclampsia meta-analysis demonstrating the 34 genes significantly-downregulated in *XPD*^TTD^ Fibroblasts versus *XPD*^TTD^ Fibroblasts transfected with wild-type *XPD*. Panel (b). GSEA of *XPD*^TTD^ Fibroblasts with respect to genes downregulated in preeclampsia. The analysis demonstrates significant correlation (q \< 0.1, Enrichment Score = 0.15) between many genes downregulated in preeclampsia and in *XPD*^TTD^ Fibroblasts. Panel (c). GO analysis of gene signature of *XPD*^TTD^ Fibroblasts using network visualization and analysis tool (as described in the Methods). Size of the nodes is inversely proportional to the p-values. Groups identified using clustering algorithm; most common GO terms are listed next to the node groups. Panel (d). Transcription factor analysis of the genes downregulated in *XPD*^TTD^ fibroblasts using network visualization and analysis tool. Groups identified using clustering algorithm; most common transcription factors are listed next to the nodes. Size of the nodes is inversely proportional to the p-values.](srep02407-f4){#f4}

![Integrative analysis of selected datasets related to the development of preeclampsia.\
Panel (a). Selected datasets: 1) Gene expression arrays in placenta from four case-control studies of preeclampsia \[GSE10588[@b19], GSE14722[@b20], GSE 24129[@b22], and GSE4707[@b21]\], 2) placental gene signature obtained by comparing placenta versus other normal human tissues \[GSE95[@b24]\], 3) genes differentially expressed during mid- to term-gestation compared to first trimester \[GDS2528[@b25]\], and 4) genes differentially-expressed in *XPD*^TTD^ fibroblasts (cells predisposed to preeclampsia) versus *XPD*^TTD^ fibroblasts transfected with wild-type *XPD* \[obtained through personal communications[@b28]\]. Individual analyses of each dataset and meta-analysis of preeclampsia case-control studies were done as discussed above. Venn diagrams created to display number of common genes between datasets. Panel (b). Differentially-regulated genes common between preeclampsia and at least one other dataset from panel A shown as a network. Common genes between all four datasets are outlined with a red circle. Panel (c--d). Canonical (Panel (c)) and GO (Panel (d)) pathway analysis using genelists created from analyses depicted in Panel (a). P-values from all analyses were combined using Fisher\'s test and displayed as a heatmap (green and red depict lowest and highest p-values, respectively). Yellow boxes on heatmaps depict pathways with combined p\<0.01. These pathways were used for analyses depicted in Panels e--f. Panels (e--f). Gene-Pathway networks for Canonical (Panel (e)) and GO (Panel (f)) analyses constructed using pathways with combined p \< 0.01 (in grey-outlined circles) obtained from analyses in panels (c--d). Red and green circles represent upregulated and downregulated genes, respectively.](srep02407-f5){#f5}
